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Abstract

Properly-designed hybrid-electric vehicles (HEVS) using today’ s production vehicle
platforms could offer the consumer, in the near-term, an affordable and appealing alternative
to conventional | CE-powered (internal combustion engine) vehicles. At the same time, these
vehicles could achieve the national priorities of reduced fuel use and reduced emissions.

Based uponthe study results, half of all personal autos on the road inthe U.S. on a
typical day travel less than 20 miles. These vehicles represent less than 20% of the total
miles driven, but, due to cold engines and cold catalytic converters, these short trips produce
more than 40% of all the emissions.

An HEV with alow-cost, light-weight battery pack and a small engine-powered
auxiliary power unit (APU) could plug into any 110 V (or 220 V) outlet at night and travel
these short daytime trips on battery power alone. On longer trips, the engine/alternator could
augment the battery and maintain the battery charge. By refueling every 400 miles like a
conventional vehicle, trips of unlimited length are possible.

Because such HEV s could be used on all trips, the initial miles of every day’s travel
would be on electricity. BOEV's, on the other hand, could be used only on trips within
battery range. On longer trips, the driver would need to use a conventional vehicle.

Based upon this “driver-level” analysis and using nation-wide travel statistics from the
1990 National Personal Transportation Survey,” the study reveals that two HEV s with only a
15-mile battery range would travel, on average, more annual miles on electricity than one
100-mile battery-only electric vehicle (BOEV). On longer trips, such HEV s with finely-
tuned APUs operating at steady load are likely to operate with much lower emissions than
comparable | CE-powered conventional vehicles. Because of these benefits, the report argues
that such HEV s should be accorded ZEV (zero-emission vehicle) credit on the basis of their
ability to “electrify miles.”

HEV scould offer the same performance, range and “full-tank” feeling of security as
conventional vehicles. Y et they are likely to cost less than BOEV s. In mass-production, such



HEV smight compete in cost with conventional |CE-powered vehicles. Under those
circumstances, such HEV's could gain significant and perhaps dominant market share.



Table of Contents

EXECULIVE SUMMIAIY.....ctiiteiieeiiestee ettt sttt s beete e e sbe e be et e s neesbe e e e sbeenbesneesneans 1
I.  Economic, Environmental and Energy Security Issues Posed by the Automobile.......4
[1. Statistics of Personal Automobile Useinthe U.S.........ccooo i 6
[11.  Description of the Baseline “ Series” HEV of this Study..........cccooviiiiniininiiiee 9
Y o = U 1SS o] R 12
V.  FUll-CyCle EMISSIONS......cooiiiiieiieie ettt ee e 17
VI, Fuel and EIECIICITY USB.... .ottt 18
VI, Other HEV CONrol SErARQIES. ......coiueeiieriiiienieeie et sttt sse e seeseesneens 21
V. POHCY IMPIICALONS.....coiiiieieieee et sae et sre e nneen 24
G ¥ 1 0= S Lo | PSR 28
FFOOTNOLES.......eee e b e eae e e s b e e e sne e e snn e e s anneeennas 30
REFEIENCES ...ttt b et e st e s bt et et et e e ne e s be e st e e tesneenneennas 31
APPENIX A GlIOSSAINY....cieitieiieie sttt b et st ete e e s be e besntesseesee e e e sseensesneas 33
AppendiX B: MethoTOIOgY........ccuuiiriiieieiesie et e e 34

List of Figures

1- Cadlifornia Automobile Emission RegUIatioNS...........cccoieriiiinninieneeneece e 5
2 - Distribution of Personal Automobile Use by Daily Travel Distance.........c.cccoceveriennene 7
3- Trip Emissionsfor a SeriesHEV (ULEV APU) from aCold Start.........ccoeeveeiirinnens 7
4 - Engine Cool-down Time Distribution of Personal Automobile Starts...........ccccceeenene 8
5- Distribution of Personal Automobile Cold Starts by Daily Travel Distance.................. 8
6 - Personal Automobile Cumulative Miles Driven and EMISSIONS.........cccevvreineenieneennens 9
7 - BaSEliNE HEV DESIQN.....coiiiiiieieee ettt st sae e nns 10
8- HEV Urban Driving Profil@........ccoo et 11
9- HEV Long-Distance Driving Profil@........coc i 11
10 - Vehicle TEChNOlOgy SCENAITOS.......cueiieiiriirie ettt 13
11 - Personal Automobile Miles EleCtrified...........oiiieiieee e 13
12 - Annual Personal Automobile Exhaust and Associated Utility NOx Emissions........... 14
13 - Annual Persona Automobile Exhaust and Associated Utility CO Emissions............. 15
14 - Annual Persona Automobile Exhaust and Associated Utility HC Emissions............. 15
15 - HEV Market Penetration to Match Baseline BOEV NOX EMISSIONS.........cccccoveenuennee. 16
16 - Annual Personal Automobile Gasoling USE..........cooeeiiiinienienieieee e 19
17 - Estimated Annual Electricity Use in Personal Automobiles..........ccccoooveiiiiiencnnnnnen. 20
18 - Power Plant Demand Profile..........co e 20
19 - HEV Simulations - Emissions and Fuel Use ReSUILS..........ccccoeceriininiinennene e 22
20 - ZEV Credits (ARB Proposals and Credits based on Miles Electrified)..........c.ccc..c...... 27

NEVCOR, Inc. Pagei



NEVCOR, Inc.

P.O. Box 8683 Tel. 415-856-2706
Stanford, CA 94309-8683 Fax 415-856-2709

Hybrid-Electric Vehicle Technology

Executive Summary
Policy Implications of Hybrid-Electric Vehicles

Conventional motor vehicles powered by internal-combustion engines (ICE) pose
substantial economic, environmental and energy security issues for the.B. and, increasingly,
for al nations. This report analyzes the significant benefits that hybrid-electric vehicles
(HEVs) offer in addressing these issues.

Contrary to the image of long daily trips by most American drivers, fully half of all
personal automobiles on the road travel less than 20 miles on a typical dayWhile they
account for only 15% of all miles traveled, they account for half of all engine “cold starts.”
Thus, these short-mileage vehicles producéar more emissions than their total miles driven
would suggest. However, emissions and fuel use on these short-mileage trips can be reduced
or eliminated by using vehicles that can travel on electricity from thetectric utility.

A “series’ HEV is one technology that can “electrify” these short trips while also
offering long-range capability and quick-refueling convenience using the existing
conventional-fuels infrastructure. This repdrs baselineseriesHEV incorporates an electric
motor/controller, a light-weight, low-cost, high-power battery pack and a small, fueled engine
that drives an alternator as an auxiliary power unit (APU). The vehicleis plugged in at night,
and local trips are accomplished solely on batteries. Trips beyond the range of the batteries
are accomplished using the APU to augment the battery and maintain battery charge. Trips of
unlimited length are possible by refueling every few hundred miles like a conventional
vehicle.

Three separate technology scenarios (battery-only EVs (BOEVs), HEV's, and advanced
conventional vehicles (ACVs)) are compared for fuel consumption, electricity use and
emissions. To estimate relative benefits accurately, the analysis is undertaken at the “driver-
level.” In the BOEV scenario, drivers usa BOEV for all short trips and an ACV for trips
beyond the range of the BOEV. In the HEV scenario, HEV s are used for all trips; short trips
are accomplished on battery power alone, and on longer trips the initial miles each day are on
battery power and the final miles are on fuelsI'he 1990 Nationwide Personal Transportation
Survey (NPTS) is used as the data base for daily personal automobile use.

The results indicate that HEV s would offer a dramatic reduction in fuel usa two
ways, 1) by using utility electricity to charge the HEV' s battery pack and 2) from greater fuel-
efficiency when running the APU. Thus, an HEV with only a 15-mile battery range and 55-
mi/gal fuel economy when using the APUvould displace, on average, 69% of fuel from
today’s (27.5 mi/gal) levels. Such an HEV would displace as much fuel as the PNGVarget
of an 80-mi/gal vehicle.

To compare the use of electricity by HEVs and BOEVs, a 100-mile battery-range
BOEV at a 10% market share (California’s regulatory targébr 2003) is simulated as the
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baseline. By comparison, an HEV with only a 15-mile battery range would electrify, on
average, the same number of miles at 19% market share. In other words, two 15-mile HEV's
would electrify, on averagemore miles than one 100-mile BOEV.

In reducing emissions BOEV s and HEV s are significantly superior to ACV s because
both HEVs and BOEV s can “electrify miles.” Furthermore, HEV s with APUs that operate
only at their ideal operating points can produce much lower emissions than ACV s with
engines that must respond to rapidly changing requirements for power. Thieport describes
the conditionsunder which drivers usingHEV sfor all tripswould lower emissions further
than drivers usingBOEV sfor short trips andACV s for long trips.

In addition to their reduced emissions and reduced fuel use, HEV s offer the high
performance, unlimited range, and “full-tank” feeling of security that drivers now havein
conventional vehiclesbut not with BOEV s Hence, HEV s may broaden the market beyond
the demand for BOEV s aone. This larger market would enable higher production levehad
lower per-vehicle costs for both HEVs and BOEVs. This could result in a greater market
penetration of both HEV sand BOEV swith correspondingly greater benefits (reduced
emissions, reduced fuel use and increased use of night-time electricity) thamould be
possiblewith BOEV s alone.

For these reasons, regulations, R & D initiatives and financial incentives need to be
consistent with these benefitgo createa “level-playing field” for all vehicle-fuel systems. To
this end, the California Air Resources Board (ARB) staff has proposed that HEV s be certified
for ZEV (zero emission vehicle) credit in proportion to their battery range, that is, in
proportion to their ability to electrify miles. The ARB also has proposed a new vehicle
category defined as Equivalent Zero-Emissions Vehicle (EZEV). An EZEV would have per-
mile emissions no higher than the pro-rated emissions from the power plants in Southern
California that would provide electricity for BOEV's. Such vehicles would be accorded full
ZEV credit under the new proposed regulations.

Thereport argues that two additional principles derive from this EZEV categorgnd
should guide the drafting of regulations andhe interpretation of the ZEV mandate.

1) EZEV s could be considered the “baseline” ZEV to which all other technologies are
compared. If EZEV's (like ACV s) are not range-limited, they can be used on all trips,
regardless of trip length or total daily milestraveled. Thus, in terms of emission reductions,
these EZEV sare equivalent to* electrifying” 100% of the miles driven by the driver.

2) “Percentage of miles electrified” is useful in assessing all technologies under the
ZEV mandate. Thus, the amount of ZEV credit granted to BOEVs and HEV s should be in
proportion to the “ percentage of miles electrified.” This principle also can serve as the
baseline from which to apply multipliers for the early introduction of advanced technology.

The report also addresses additional limitations associated with the emissions
regulations and concludes with proposals for analysis that would clarify some key
outstanding issues.

! 1990 Nationwide Personal Transportation Survey (NPTS).
2 Any 110V (or 220 V) outlet would be satisfactory. The electric utilities have ample night-time capacity.
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®  Partnership for aNew Generation Vehicle, the joint effort by the US government and GM, Ford and

Chrysler to develop an 80-mi/gal 5-6 passenger automabile. The 55-mi/gal goal isto be achieved from
regenerative braking, efficient energy storage and improved efficiency of the engine and motor/controller.
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I ntroduction

Conventional motor vehicles pose substantial economic, environmental and energy
security issues for the U.S. and for most of the industrialized world. Furthermore, as
developing nations introduca ncreasing numbers ofconventional vehicles into their
economies, these issues will be exacerbated. This report analyzes the potential of hybrid-
electric vehicles (HEV s) to address these problemsT he report is organized into nine
sections. Section | outlines the economic, environmental and energy security problems
created by today’ s automobiles. Section Il analyzes how personal automobiles are driven each
day to better understand the source of these problems. Section 111 describes the series HEV
that serves as the baseline vehicle for assessing the potential of HEV technology to
ameliorate these problems. Section IV compares thexhaust emissions impact of the baseline
HEV, advanced conventional vehicles (ACVs) and battery-only electric vehicles (BOEVS).
Section V discusses the issue of full-cycle emissionsSection VI compares the same three
technologies in regards to energy use. Section Mlexplores the potential impact of other HEV
configurations on emissions and fuel use as compared with the baseline series HEV . Section
V11 discusses the policy implications of HEV s given their potential to dramatically reduce
emissions, fuel use and the trade deficit. Section IX outlines areas for further studilease
see the Glossary for alist of acronyms used in this report.

Economic, Environmental and Energy Security I ssues Posed by the Automobile

Motor vehicles are both an essential element in today’ s transportation system and the
source of major environmental degradation and economic and political risks. Petroleum
imports for transportation account fol50% of the U.S. trade deficit and create significant
economic costs and political risks for the U.S. The inability to meet metropolitan ozone
standards is driving regulations that demand lower motor vehicle emissions. The perceived
threat of global warming has resulted in concerns regarding the CGemissions from motor
vehicles. The U.S. Office of Technology, in its 1995A ssessment of Advanced Automotive
Technology,” concluded that:

. itisclear that a major advance in automotive technology that
could dramatically reduce gasoline consumption and emissions would
have great national and international benefits. Such benefits would
include not only the direct cost savings from reduced oil imports (each 10
percent drop in oil imports would save about $10 billion in 2010) but also
indirect savings such as:

* health benefits of reducing urban ozone concentrations, now
estimated to cost $0.5 billion to $4 billion per year;

* an “insurance policy” against sudden oil price shocks or political
blackmail, the risk of which is estimated to cost $6 billion to $9
billion per year;
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* reduced military costs of maintaining energy security, which
according to some estimates costs the United States approximately
$0.5 billion to $50 billion per year;

* potential savings from reduced oil prices resulting from decreased
oil demand, conceivably tens of billions of dollars per year to the
U.S. economy, and more to other oil-consuming economies; and

* increased leverage on the climate change problem, whose potential
costs are huge but incalculable.

Furthermore, if U.S.-developed advanced automotive technology
wer e to penetrate not only the U.S. market but also the markets of other
developed and devel oping countries, the benefits to the environment and
the U.S. economy would multiply (Ref. 1)

Since the 1960’s, increasingly stringent automotive emissions standards have reduced
per vehicle pollution 949 in new vehicles, but air quality problems persist. Historically,
California has led the U.S. and the rest of the world in tightening automotive emission
standards. Six of the seven cities with the worst ozone problems in the United States are
located in California® Thus, the U.S. government has allowed California to set its own more
stringent standards for automotive emissions. All other U.S. states have the option of
enforcing either California or Federal standards.

The California Air Resources Board (ARB) reported in 1990 that cleaner running cars
have“. . .improved air quality in some areas of California and slowed the deterioration in
others. However, further reductions in vehicle emissions are needed to offset the continuing
increase in vehicle use! (Ref. 4). Thus, the ARB’s 1990 Low-Emissions Vehicles and Clean
Fuels regulations(Ref. 4) require greater emissions reductions in new conventional vehicles.
Figurel outlines the declining fleet average NM OGnon-methane organic gas)standard and
the vehicle standards that auto manufacturers must meet to comply with the fleet standard.

Figure 1 - California Automobile Emission Regulations

Fleet Average NMOG Standards for

Passenger Cars and Light-Duty Trucks <3750 Lbs

50,000 Mile Certification Standards (g/mi)
for Passenger Cars Operation on Gasoline

Source: 1990 ARB Staff Report (Ref. 4)

0.25 CATEGORY NMOG* CO NOXx

0.2

. 0.15

(g/mi)
0.1 Adopted for 1993 0.25 3.4 0.4
0.05 TLEV 0.125 3.4 0.4
0+ —— LEV 0.075 3.4 0.2
S 8 & 3 & & 8 3 8 8

9 9 3 g 9 3 2 & 2 8 ULEV 0.040 1.7 0.2
Model Year EZEV (proposed) 0.004 0.17 0.02

* NMOG emissions would be reactivity adjusted
for cleaner-burning fuels.
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In addition to these regulations, the ARB has recognized the need to stimulate a
guantum reduction in vehicle emissions in order to meet federal air quality standardsin
California s most polluted metropolitan areas. Thus, the ARB requires that zero emissions
vehicles (ZEV's) must be 10% of auto manufacturers product offeringa California
beginning in 20033

Asthe ZEV regulations are now written and interpreted, the BOEV isthe only
technology that qualifiesfor ZEV credit. However, the ARB staff has drafted proposed
amendments that would certify HEV s for ZEV credit based either on miles electrified or as
equivalent zero-emission vehicles (EZEVs)Ref. 5). An EZEV is defined to have full-cycle
emissions that are equal to or lower than the full-cycle emissions associated with BOEVsin
southern California (seeFigure 1 for proposed emissions standard)’ Section VIl discusses
the policy implications ofthe potential benefits offered by HEV s with a particular focus on
the California ZEV regulations.

The issue of automotive fuel use and petroleum imports has not received as much
regulatory attention as automotive emissions. In 1978, the U.S. government instituted the
Corporate Average Fuel Economy (CAFE) standard. The CAFE standard today is 27.5 mi/gal
for automobiles and there is little political or regulatory action underway to change the
standard.

However, in 1993 the U.S. government established the Partnership for a New
Generation of Vehicles (PNGV), ajoint effort between the U.S. Government and U.S. auto
manufacturers to pursue technology that would dramatically improve vehicle fuel efficiency.
The basic underlying objective of this program is to reduce petroleum imports. PNGV has
identified HEV s as among the best potential technology options to meet its goal of tripling
fuel efficiency (80 mi/gal) for the standard automobile. The U.S. Department of Energy’s
HEV propulsion program has atarget of 2X improvement in mileage (to 55 mi/gal), and this
element is a significant component of the PNGV program. Section Manalyzes the potential
fuel use savings of HEV's, BOEVsand ACVsaswell asthe potential increase in the use of
utility electricity.

1. Statistics of Personal Automobile Usain the U.S.

In order to assess the potential benefits of various vehicle technologies, it is critical to
understand how vehicles are used. There are a variety of vehicle characteristics — type
(truck, van, automobile), use (commercial, personal) — that directly influence the driving
pattern of a vehicle. This report focuses on one vehicle segment, personal automobiles, to
assess the benefits of HEV's. This segment was selected for two reasons. Firgt, it is the largest
market segment and, thus, has the greatest impact on emissions and fuel use. Second,
automobiles are the focus of the California ZEV mandate.

To assess the potential benefits of HEV's, the 1990 Nationwide Personal Transportation
Survey (NPTSY is used to assess daily personal automobile us¢Ref. 6). Based upon the
NPTS data base,there are123 million personal automobilesin the U.Sand 90 millionare on
the road on atypical day.
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Figure 2 - Distribution of Personal Automobile Use by Daily Travel Distance

100% —T—
-//./ -
80%
l/
) L/
Cumulative 60% A
Percent /
of Personal )
Automobiles 40% / R
20%1+—
0%
0 30 60 90 120 150 >155
Average Daily Travel Distance per Vehicle (miles)
Source: 1990 Nationwide Personal Transportation Survey (Ref. 6)

Contrary to the image of long daily commutes for most American drivers, the NPTS
data show that, of those personal automobiles on the road42% travel less than 15 miles each
day (seeFigure2), and less than 5% travel daily 100 miles or more.

These short mileage vehicles also account for a significant portion of cold starts. A cold
start accounts for over 90% of avehicle’s HC and CO emissions on an average 8.7 mile trip
because cold engines with cold catalytic converters produce much greater emissions than
engines and catalytic converters operating at running temperatures (séégure 3).

Figure 3 - Trip Emissions for a SeriesHEV (ULEV APU) from a Cold Start

100%
—
e
80% —1

Cumulative / e
60% e
Percent ‘. — == —&—— HC Emissions
of Trip f i
Emissions 40% I/ —%—— CO Emissions
20% // —*— NOx Emissions
0% [
0 1 2 3 4 5 6 7 8
Miles

Assumption: HEV APU starts at O miles and after warm up operates at constant speed constant load.
An ICE 4 cycle engine is modeled to produce average ULEV emissions. Average 8.7 mile trip is derived
from the 1990 NPTS. Exhaust emissions only are included.

Source: Advisor (NREL HEV computer simulation model) and NEVCOR.
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Figure 4 - Engine Cool-down Time Distribution of Personal Automobile Starts

350 r

30.0 +

O Hot Starts

Annual 25.0 —
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Cool-down Time (minutes)

Source: 1990 Nationwide Personal Transportation Survey (Ref. 6) and NEVCOR.

Given the significance of cold-start emissions, it is critical to identify the distribution of
engine starts as well as miles driven to understand the source of automotive emissions.
Nationwide, there are about 35 billion cold starts out of 126 billion total personal automobile
engine starts each year (sedrigure4). Appendix B provides a detailed definition of cold,
warm and hot starts used in this report.

Personal automobiles that travel 15 miles or less each day account for 41% of all cold
starts (seeFigure5). Due to this concentration of cold starts in short mileage vehicles, these
vehicles produce disproportionately more emissions than their total miles driven would
suggest. Figure 6 reveals that vehicles that travel 15 miles aday or less produce 34% of all
HC and CO emissions, even though they travel only 9% of all miles traveled.

Figure 5 - Distribution of Personal Automobile Cold Starts by Daily Travel Distance

100%

—

|

80%

. 60% e
Cumulative
Percent /
of Vehicle 40%
Cold Starts / R
20%

0%

0 30 60 90 120 150 >155
Average Daily Travel Distance per Vehicle (miles)

Source: 1990 Nationwide Personal Transportation Survey (Ref. 6)
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Figure 6 - Personal Automobile Cumulative Miles Driven and Emissions
100%
pEery
80% :£
Cumulative 60% /:j;:
4

Percent
of Vehicle —a&—— HC or CO Emissions
o 40% -
EmISSIOn.S or / —@— NOx Emissions
Miles Driven /
20% —&— Miles Driven ||

0%

0 30 60 90 120 150 >155
Average Daily Travel Distance per Vehicle (miles)
Source: 1990 Nationwide Personal Transportation Survey and NEVCOR.

Appendix B provides a more detailed explanation of the vehicle system model used to
compute these emission estimates

The above analysis of personal automobile use shows that there is a disproportionately
large potential for emissions reduction by electrifying the short mileage trips. Furthermore,
battery ranges of 15 miles are easily attainable with commercially-available lead-acid
batteries and current production-vehicle platforms. However, few drivers would feel securein
aBOEV with only a 15-mile battery range as ailmost all of these vehicles witked totravel,
on occasion, longer trips. There is wide-spread agreement thato be widely marketable
BOEVswill require at least a 100-mile rangeRef. 7). Such BOEV s will require future
advanced batteries (e.g. nickel-metal hydride) and new from-the-ground-up, light-weight,
aerodynamic vehicles (such asthe GM “EV-1" based on the experimental “Impact”
platform). It is acknowledged that such range-limited vehicles wille more expensive than
conventional vehicles and willappeal only to a niche market.

For these reasons, HEV s built on current production vehicle platforms with arelatively
small, light-weight battery pack and an on—board auxiliary power unit (APU) are especially
appealing. Such an HEV could electrify these short trips, and it also could travel unlimited
long distances using the APU. The next section describes in more detail such an HEV.

[11. Descriptionof the Baseline” Series” HEV of this Study

The design of battery-only electric vehicles (BOEV s) has been dominated by the need
to achieve the greatest possible range capability. This fixation with range has driven vehicle
design and battery research, and the electric utilities have been challenged to provide a new
rapid-recharging infrastructure. As one critic observed, even a 100-mile BOEV rangeislike
starting out in a conventional car with a quarter tank of gas.

HEV's, on the other hand,typically are not range-limited, and thegan be designed in a
variety of waysto accomplish a variety of objectives. For example, Amory Lovins has
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described a concept of “hypercars” hybrid vehicles that are newly-designed from-the-
ground-up to be ultra-light weight and exceptionally aerodynamic and energy efficieriRéf.
8). Such vehicles offer the prospect of very high fuel-efficiengyltra-low emissions and the
convenience of rapid refueling.

Others have reported on hybrid-electric vehicle concepts that are built on today’s
production vehicle platforms Ref. 9). Such HEV s offer an early-to-market opportunity for
affordable HEV s that use less far less fuel and produce far lower emissions than the ICE-
powered production version of the same vehicle.

In all of these designs, the energy capacity (for battery-only range) and the power
capability (for acceleration and hill climbing) of the energy storage system (e.g. batteries,
ultracapacitors, etc.) play akey role in determining the vehicle’'s configuration, performance
and cost.

This section describes an HEV design that serves as the baseline for assessing the
potential benefits of HEVsThe baseline HEV design is one of the family of “series, charge-
sustaining” HEVs. The baseline HEV system combines an electric motor/controller, batteries
(of various range capabilitiesyand a small, gasoline engine that powers an electric alternator
(seeFigure?). On al trips, an electric motor powers the vehicle, and theehicle has
acceleration and passing capability on battery power alone that is superior to tisemparable
conventional 1CE-powered vehicle. The baseline HEV vehicle system also recaptures braking
energy from regenerative braking.

Local trips (seeFigure8) are accomplished solely on battery-electric power with zero
exhaust emissions. Recharging can be done at night when the vehicle is not operating and
when electricity prices are lowest. Existing 15-20A/110V circuits could provide leisurely
over-night charging for vehicles traveling up to 40-50 miles a day (that is, roughly 80% of all
personal autos (72 million vehicles)). Standard 30A/220V circuits, such as clothes dryer
circuits, could recharge the personal automobiles with larger advanced battery packs that
travel longer trips on battery powerThere would be no need for daytime charging.

Figure 7 - Baseline HEV Design

Brake
Accelerator

’) IJ/ Pedal ~__/

Internal Electric Master Electric Electric || Gear
combustion 1= Ayernator [ controller [] MO T Motor [] Box
Engine Controller
| |
Batteries

" Electric ; /S

|

| Utility | ——ppm | BAUETY -

| 110V/220V | Charger
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Figure 8 - HEV Urban Driving Profile

Arrive at work. (No need

100% )/ for daytime recharging)

Battery
Charge / \
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Arrive at home;

plug into wall recharge after

outlet evening peak load
' is over.

T T I | |
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Long journeys beyond the capacity of the batteries alone, such as tH#0-mile San
Francisco to Los Angeles trip depicted ifFrigure 9, or even coast-to-coast tripsare easily
accomplished using the engine-alternator to augment the battery. The engine-alternator
operates at better-than ultra-low emissions in an efficient, constant-speed, constant-load
mode to maintain the battery charge. The vehicle refuels every 400 miles, just like current
automobiles, and it does not require any rapid recharging infrastructure.

ThisHEV design is analyzed in Section IV for emissions and in SectionMor fuel use
and electricity use and battery range will be seen as a key parameter

Figure 9 - HEV Long-Distance Driving Profile

100% -|— Leave SF.
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Battery
Charge
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/ evening peak
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V. Exhaust Emissions

To date, regulatory authorities have specified regulations at the vehicle level to provide
enforceable automotive standards. Exhaust emissions are specified in grams per mile and fuel
economy in miles per gallon. Vehicle per mile and per gallon standards are used by policy
makers as a suitable indicator of aggregate emissions and fuel consumption when the vehicle
isin actual use by adriver.

This vehicle-level analysis methodology is acceptable when each automobile has very
high task flexibility (i.e., any given vehicle can perform the vast mgjority of all possible
missions required by the driver). Since mission flexibility continues to be one of the
hallmarks of advanced conventional vehicles (ACVs), the vehicle-level analysis continues to
be suitable for relative comparisons among ACVs. This vehicle-level analysis methodology
also can be used for evaluation of technologies like the HEV whose mission flexibility is
comparable to the ACV.

However, this vehicle-level analysis methodology yields incomplete and misleading
results when applied to a vehicle such asthe BOEV. The BOEV does not have the mission
flexibility of the ACV, and an ACV must be used when the BOEV is unable to make a
particular trip.

Therefore, the basis of analysis must be raiseirom the vehicle levelto the driver level,
thereby incorporating statistically significant differencesin vehicle use patterns. In adriver-
level analysis, emissions are analyzed for each driver, and the emissions are dependent on the
vehicle technology used for each trifRef. 9). NPTS data on mission requirements (e.g., trip
mileage) are used to determine how drivers would use vehicles differently. The same
methodology is applied to fuel and electricity use.

The driver-level and vehicle-level analysis methodologies yield identical results when
drivers use mission-flexible vehicles; however, the two methodologies yield different results
when drivers use BOEVs. The limited range capability of BOEV s requires that drivers have
access to other vehicles for long trips (i.e. for missions beyond the capability of BOEVS).
Thus the driver must “pair” the BOEV with a mission-flexible technology such asthe ACV.
The HEV, on the other hand, does not have to be paired with an ACV since the HEV has the
same mission capability to travel long distances asthe ACV.

Using this driver methodology, three scenarios have been designed with which to
evaluate three different vehicle technologies: ACVs, HEV's, and BOEVs. Each scenario
highlights a single vehicle technology, and each vehicle technology is permitted to achieve its
maximum possible market sharenationwidein itsrespectivescenario. These scenarios are
summarized inFigure 10 and described in more detail as follows:

1) In the first scenario, all vehicleqationwideare assumed to be ACV s that operate at
ULEV levels, the most stringent vehicle emission standard for conventional vehicles
presently specified by Californiaregulations (se€igure 1).

NEVCOR, Inc. Page 12



Figure 10 - Vehicle Technology Scenarios

Scenario 1 Scenario 2 Scenario 3

Advanced Conventional Advanced HEV BOEV/ACV Pair
Vehicles (ACV)

« All daily travel is in ACVs | « The HEV is charged each night from [« The BOEV is charged each

powered by an internal the utility. night from the utility.
a%rg’us“on engine « All daily travel within the battery- « All daily travel within the range
' range of the HEV is traveled on of the BOEV is traveled in this
battery power. vehicle.
* All daily travel of longer distances * All daily travel of longer
also is done in the HEV with the distances is traveled in ACVs

initial miles using battery power and powered by an ICE.
the remaining miles using the APU.

2) In the second scenario, al vehicles are assumed to be HEV § hese vehicles are a
direct substitute for ACVs and meet or exceed the ACV s standards for all elements of
performance, range, and refueling conveniencerl hese vehicles recharge each night with off-
peak power and drive the initial miles each day on battery power alone. If total daily trip
distance is within the range of the battery, the APU will not be used. If total daily travel
exceeds battery range, the remaining miles will be driven using the APU as the source of
energy, and the battery will be used to provide peak power for acceleration or hill climbing or
to absorb surplus power from the APU during deceleration or at stops. HEV s with APUs at
“ULEV” levels are simulated to provide an “apples to apples’ comparison with the ACV and
BOEV/ACV pair. However, this can be considered a very cautious assumption. In arecent
presentation Mitsubishi has reported that its experimental HEV has demonstrated emissions
from its APU to be at the EZEV level, that is, 10% of ULEVRef. 10). Thus, results also are
reported in this section for a second HEMwvith an APU that operates at EZEV levels.

3) The third scenario assumes that BOEV s will be used by all drivers on all daily travel
that is within the battery range of th&8OEV . These vehicles also are assumed to match
ACVsinall elements of performance but not in range or refueling convenience. If the daily
travel will exceed the battery range of th@OEV, an ACV will be used instead. In other
words, the analysis assumes that the BOEV is “paired” with an ACV; the driver will choose
the BOEV whenever possible, but the driver will choose the ACV for longer trips that exceed
the range of the BOEV.

BOEVs and HEV s with battery ranges from 0 - 155 miles are modeled to show the
impact of battery range capability. Figure 11 illustrates the ability of both BOEVs and HEV's
to “electrify miles,” that is, to operate on batteries that were charged the night before with
electricity from the electric utility.

Figure 11 also illustratesthe surprising resultthat for any given battery range, HEV's
could electrify, on average, more miles than BOEV.S he reasonis becauseHEV s can be
driven on al trips and the initial miles every day will be powered by utility electricity.
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Figure11 - Personal Automobile Miles Electrified
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Battery Range for BOEV and HEV (miles)
Source:1990 Nationwide Personal Transportation Survey (Ref. 6) and NEVCOR.

On the other hand,BOEV s can be driven only @ trips within their battery rangeand
ACVswould be needed for the days with longer daily trave(lf there is the ability to
recharge during the day, then the ability to electrify miles would be greater for both BOEV's
and HEV's)

Figures 12, 13, and 14 illustrate the ability of BOEVs and HEV s to reduce emissions
The 1995 conventional vehicle baseline scenario, the PNGV godsnd the EZEV scenario
are included as references the PNGV goals are equal to the ACV (ULEV) level for NOx and
CO). Thisanalysisis intended as an assessment of the relative effects of each vehicle type,
not as a prediction of future aggregate pollution or future impacts on air quality. See
Appendix B for further details on the assumptiongor the emission estimates.

Figure12 - Annual Personal Automobile Exhaust and Associated Utility NOx Emissions

500 1995 Standard
400 ——0— BOEV / ACV (ULEV)
Annual 30 —O— HEV (APU at ULEV)
NOX d—— ACV (ULEV) and (PNGV goal) —A—EzEV
Emissions 200 .
(thousands
of metric 100
tonnes)

0 20 40 60 80 100 120 140
Battery Range for BOEV and HEV (miles)

Note: Associated utility emissions based on California South Coast Air Basin.
Source:1990 Nationwide Personal Transportation Survey (Ref. 6) and NEVCOR
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Figure 13 - Annual Personal Automobile Exhaust and Associated Utility CO Emissions

4,000
3,500

3,000
Annual 2 500

1995 Standard

——0—— BOEV / ACV (ULEV)

—)—— HEV (APU at ULEV)

Emissions 2,000 ACV (ULEV) and ( PNGV goal)

(thousands 1,500
of metric
tonnes) 1,000

500

04

0 20 40 60 80 100 120 140
Battery Range for BOEV and HEV (miles)
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Source:1990 Nationwide Personal Transportation Survey (Ref. 6) and NEVCOR

The principal conclusion fromFigures 12-14is that both BOEVsand HEVs are
significantly superior to ACV's (and the PNGV goals) in terms of lowered emissions because
both HEVs and BOEV s can travel on electricity from the utility.

Figures 12 - 14 also demonstrate the principle that for any battery range, HEV s create
lower emissions than BOEV s because their battery range capability is used on all trips while
the BOEV s are used only on those trips whose distance is within the battery rangs.ote that
EZEV emissions are independent of battery range, that is, the HEV APU generates emissions
at the same EZEV level asthe power plantsin California’ s South Coast Air Basin that
provide electricity to the BOEV or HE,.

Figure 14 - Annual Personal Automobile Exhaust and Associated Utility HC Emissions
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Note: Associated utility emissions based on California South Coast Air Basin.
Source:1990 Nationwide Personal Transportation Survey (Ref. 6) and NEVCOR
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In addition to the above comparison of vehicles at maximur{il00%) market share, itis
useful to compare each vehicle technology at more “realistic’ market shares. However,
predicting market shares of new, unproved technologies in the marketplace is very difficult
and beyond the scope of this report. Instead, the AREEV market sharemandate (that ZEV's
must be 10% of new automobile offerings in 200Bwill be used as a baselinan the following
manner:

a) To meet the ARB ZEV mandate for 10% market sharehte major auto manufacturers
have stated that their BOEV must have arange of at least 100 miles. Thug) compare
BOEVs and HEV s at more readlistic market sharesa 100-mile BOEV at 10% market share
serves as the baselinescenario.

b) From the vehicle system emission estimates shown ikigure 12 the annual NOXx
emission reduction potential was calculated for afleet of 100-mile BOEV s at 100% market
share (with their accompanying ACVs for trips of greater than 100 miles) versus a fleet of
100% of today’s conventional vehicles. This potential is 410,000 tonnes annually.

c) Next, 10% of thistotal emission reduction (41,000 tonnes) was used to estimate the
emission reduction potential of 100-mile BOEVs at 10% market share.

d) Following the same methodology asin (b) and (c), the market share for the baseline
HEV vehicle at various battery-only ranges was calculated such that the emission reduction
potential of the particular HEV matches the emission reduction potential calculated in (c).

Figure 15shows thata 15-mile battery-range HEV at 19% market share woulgdrovide
the same emission reductionand electrify the same number of miles as the baseling&00-mile
BOEV at 10% market shareln other words, two 15-mile HEV s would produce lower
emissions and electrify more miles than one 100-mile BOEVANn EZEV HEV would need to
capture only 8% market share to achieve the same emissions benefits as the baseline BOEV .

Figure15 - HEV Market Penetration to Match Baseline BOEV NOx Emissions
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Assumption: HEV APU at ULEV level. Battery only range (miles)

Note:Vehicle emission estimate calculated as percentage of Figure 12 emissions for the same vehicle type.
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V. Full-CycleEmissions

As vehicle exhaust emissions are lowered to ULEV levels and below, other vehicle-
related emissions and “ upstream” emissions associated with fuel production and distribution
begin to become critical. These other emissions are discussed in this section. While afull
analysis of these emission sources is beyond the scope of this study, this section provides a
guide to their relevance for HEVs.

Out-of-Cycle Emissions

There isincreasing evidence that conventional automobiles produce emissions at far
higher levels when in actual use than when tested under controlled federal test procedures.
The Energy Foundation has reported results that indicate that actual “real-world emissions’
are 5-10 times higher than those produced during federal test procedure®géf. 11). Similar
results have been reported by othersRefs. 12, 16,17,18.

These out-of-cycle emissions occur during hard acceleration, high-speeds, and hill
climbing when there is a demand for increasing power from the engine. The baseline HEV,
on the other hand, does not have these out-of-cycle emissions. The baseline HEV’s APU
operates in a steady-load mode that is independent of the rapidly varying demand for power
to accelerate. Hence, these out-of-cycle emissions are altogether eliminated in the baseline
HEV.

Malfunctioning Emission Control Systems (ECS)

A second cause of high in-use emissions are malfunctioning ECSs. Such malfunctions
are more likely when the ECS is subjected to extreme operating conditions. Such extreme
conditions occur in conventional vehicles under the same conditions as out-of-cycle
emissions, that is, hard acceleration, high-speeds, and hill climbing.

The baseline HEV ECSisless prone to malfunctioning because the APU operates at a
steady, predictable load. Also, the APU may not operate at all for many trips, depending on
the battery-only range of the HEV. Thus, at the end of the vehicle's useful life (e.g. 100,000
miles), the APU and ECS may have only 50,000 miles of operation.

V ehicle Evaporative and Refueling Emissions

In gasoline-fueled vehicles, substantial emissions of volatile organic compounds
(VOCs) can occur during refueling and during normal daily operations. To lower these
emissions, Mitsubishi has reported a re-designed fuel system for its HEV that operates at a
vacuum with respect to ambient conditionsRef. 10). The VOCs are retained during refueling
and during normal operation.

Also of significance is the possibility that regulatory emphasisin the future will shift
from VOC control to NOx control (See Section IX an&Ref. 15). Such a shift could alter the
priorities regarding evaporative emissions.

Upstream Emissions

According to the Union of Concerned ScientistsRef. 12), upstream emissions of NOx
are due mostly to refineries. In the ARB’ s approach to full-cycle emissions control, a
substantial effort is made to allocate upstream NOXx (and other upstream emissions) to each
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vehicle on a per mile basis. However, critics of this methodology argue that the emissions of
arefinery are better considered as a stationary source. For example, they point out that a
portion of the gasoline from the refineries in the South Coast Air Basin (SCAB) is now
shipped out of the region. They argue that as less gasoline is used in the SCAB (e.g. because
of increasing numbers of HEV s and BOEV s driving on utility electricity), more gasoline will
be shipped out of the SCAB. The refineries are likely to continue to refine the same amount
of gasoline and produce the same level of emissions. Thus, an attempt to control upstream in-
basin NOx emissions with regulations on vehicles would not result in reduced in-basin NOx
emissions.

In any event, when full-cycle emissions are tied to each vehicle on a per-mile basis,
then HEV s can be considered equivalent to BOEVSs. That is, if BOEVsand HEV s travel, on
average, the same annual miles on electricity, then they would displace equal amounts of fuel
and the associated per-mile upstream NOx emissions from the oil refineries. The next section
presents an analysis of HEV and BOEV use of electricity and fuels as battery range varies.

VI. Fuel and Electricity Use

The U.S. economy is highly dependent on petroleum imports due in large part to the
consumption of gasoline by automobiles. This dependence on aforeign energy source creates
significant economic costs and security risks. Thus, it isimportant to understand the ability of
any new vehicle technology to minimize the use of imported energy.

HEV s can reduce gasoline use in two ways. First, HEV s can displace gasoline by using
utility electricity to charge the HEV' s battery pack. A shift from gasoline to utility electricity
is an effective way to reduce petroleum importand improve energy security Most of
America s utility electricity is generated from domestj@on-petroleumfeed stock When
utility electricity is generated from imported natural gas, Canada and Mexico are the main
sources of this fuel. These countries present much lower security risks and costs than
overseas regions that supply alarge part of America s petroleum imports.

Second, HEV s can be designed to be more fuel efficient. HEV s with an efficient
electric-drive system, optimally sized APUopn-board energy storage, regenerative braking
and an effective control strategy can be much more fuel-efficient than | CE-powered vehicles.
The DOE’s HEV Propulsion Project has a near-term 55-mi/gal (2X) target that reflects this

opportunity (Ref. 13).

Vehicle fuel efficiency isalso akey driver of profitability for American auto
manufacturers. At present, American automobile manufactures are regulated to ensure that
the average fuel efficiency of their automobiles sold each year is at least 27.5 mi/gal.
American auto manufacturers sell a wide range of automobiles with significantly different
fuel efficiencies. It iswell understood that the American auto manufacturers earn much
higher margins on their larger vehicles that have correspondingly lower fuel efficiencies.
Thus, any new vehicle technology that can deliver increased fuel efficiency in the large, more
profitable, vehicles could offer American auto manufacturers the opportunity to significantly
increase profitability by shifting their vehicle mix to the larger more profitable vehicles while
still meeting CAFE standards.
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It isinteresting to observe that HEV s with relatively short battery range can be as
effectivein reducing gasoline useas dramatic increases in vehicle fuel efficiency (seBigure
16). Three potential development programs to reach the PNGV's 3X target illustrate this
comparison

1) The PNGYV path is tobegin with the DOE’s2X HEV PropulsionProject and then
couple thattechnology with an advanced lightweight aerodynamic vehicle to improve fuel
economy to 3X. In such a system, battery range would be minimized to reduce weigiRéf.
13). Fuel use would be reduced to 13 billion gallons, roughly one-third of today’s 40 billion
gallons (seeFigure 16).

2) An alternative programto reach the targetwould be tocouple the DOE2X HEV
propulsion systemwith a 15-mile range battery pack systenin a conventional vehicle
Battery technology exists today that can cost-effectively provide this rangBuch a vehicle
would displace an equivalent amount of gasoline (se€igure 16) and could be an early-to-
market low-cost alternative.

3) A third option would be an HEV with a 40-mile battery that has a fuel efficiency
when using the APU of only 27.5 mi/gal (se&igure 16).

Asthe battery range of BOEVs and HEV s risand gasoline use declines electricity use
increases (seeFigure 17). However, forany given battery range, HEVs wouldravel, on
average moremiles onutility electricity than BOEV s because HEV s could be used on all
trips, and the initial miles will be on electricity stored from the night before.

Figure 16 - Annual Personal Automobile Gasoline Use
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Figure17 - Estimated Annual Electricity Use in Personal Automobiles
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It is expected that HEV owners wilbe motivated touse night-time utility electricity to
recharge their batteries for two reasons. First, it will be more convenient for many owners to
recharge their vehicle at night when the vehicle is parked in the driveway or garage than to
stop at a gasoline station and refuel A strong case has been made that BOEV s will be
attractive for this very reason (sedkef. 19). Second, a study by Volvo argues that operating
an HEV on utility electricity will be less costly than operating the same vehicle from fuelsin
the APU (Ref. 14).

Figure 18 - Power Plant Demand Profile
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Infact, since utilities have adrop in demand at night (seBigure 18), they are motivated
to offer reduced night-time rates to encourage night-time use. By using the excess capacity at
night, utilities will be able to run more efficiently which could lead to a reduction in the
average cost of electricity However, the electricity use shown irkigure 17 should be
considered as the upper limit. For example, HEV (and BOEV) owners may forget to plug in
to recharge. Even if they do plug in, aBOEV owner may chose to use an ACV because of
uncertainty regarding that day’ s travel plans. Also, it isafact that HEV owners are not
required to plug in, since the HEV APU permits operating by refueling with gasoline just like
an ordinary vehicle. For these reasons, the maximum possible electricity use for both HEV's
and BOEV s shown inFigure 17 may need to be discounted by some factor to recognize
“reasonably expected” consumer behavior regarding plugging in for HEV and BOEV drivers
aswell as the amount of “battery-range-reserve”’ required by BOEV drivers.

VII. Other HEV Control Strategies

HEV's can be designed in a variety of ways to accomplish different missions or to
achieve different objectives. This report focuses on HEV designs targeted at personal
automobile use with the dual objectives of reducing emissions and reducing gasoline use. The
continuous mode HEV design has been used as a baseline to assess the benefits of HEV's
broadly. This section looks at four other HEV control strategies to assess how they compare
with the baseline design in terms of fuel use and emissions reductiofi.he detailed analysisis
outlined in Appendix B.The following five designs were assessed:

1) Charge-sustaining continuous series HEV (baseline).
2) Charge-sustainingM itsubishi seriesHEV. ™

3) Charge-sustaining thermostat series HEV

4) Charge-depleting series HEV

5) Charge-depletingparallel HEV.

The continuous, Mitsubishi and thermostattrategies are all charge-sustaining. This
means that the vehicle’s APU is sized large enough to allow the vehicle to travel “unlimited
distances’ (i.e. between gasoline tank fill-ups) at acceptable performandevels(i.e.
acceleration, top speed, accessory loadshill climbing)

The charge-depletingseriesHEV has a smaller APU that cannot meet the average
energy requirements of the automobile. Thus, the state-of-chargSOC) of the battery pack
continually declines even with the APU operatinguntil the vehicle isforced to rely solely on
the APU. At this point, thevehicle's performance is significantly diminished as the APU
cannot meet the standard accel eration, speed and accessory load requirements. Thus, the
vehicle operatesin a“limp-home” mode wheri@ it’ s top speed and accel eration capability is
significantly lower than when in “standard” mode. The charge-depletirgeriesHEV isa
limited-range vehicle that must be analyzed as paired with a conventional vehicle, similar to
the analysis of the BOEV/ACV pair.
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Both the continuous and charge-depletingeriesHEV s continuously operate the APU
throughout the trip once a predetermined battery SOC is reached. The continuous HEV
operates its APU at a constant level to maintain SOC. The operation of the Mitsubishi HEV
issimilar to the continuous model except that the Mitsubishi HEV shuts off the APU each
time the vehicle comes to a stop*

The thermostat HEV operates itsAPU at a higher levelthat provides enough energy not
only to meet the vehicle’ s operating requirements but also enough to recharge the battery.
Thus, the thermostat APU will cycle on to recharge the battery until a predetermined high
SOC isreached and then it will shut off.

In thecharge-depletingparallel HEV, the electric motor provides all torque
requirements if the vehicle’'s speed is below athreshold level. The threshold for this
simulation wasapproximately 22 mi/h. Above this threshold, the APU engine provides all
torgue required; the electric motor is used above 22 mi/h only to recapture braking energy
and to provide any peak accelerating power that the APU cannot provid&he parallel mode
is charge depleting, and as the battery SOC declines, the APU is used at lower and lower
vehicle speeds.

The HEV computer simulation modelADVISOR, developed by NREL, was used to
compare control strategies. The same vehicle, APU, battery pack and electric motor were
modeled for all strategies. The control strategies were compared based on the FTP driving
cycle With the APU providing all the necessary energy, the emissions and fuel use produced
by each vehicle over the FTP driving cycle were simulated (See Appendix B for more
details).

The results of the simulation analysis are outlined ikigure 19. The fuel use and
emissions are reported as scalar factors relative to theesults of thebaseline continuous HEV .
Reasons for differencesin the results from the baseline HEV ardi scussed below.

Thermostat

The operating point for the thermostat mode was chosen to be the optimum point for the
control of NOx, HC and CO with satisfactory fuel-efficiency.

Figure19 - HEV Simulations - Emissions and Fuel Use Results

Fuel HC CcoO NOx
Use Emissions Emissions Emissions
Continuous 1.00 1.00 1.00 1.00
(Baseline)
Mitsubishi 0.91 1.50 2.26 0.94
Thermostat 0.86 0.75 2.13 0.08
Charge Depleting NA 0.80 1.19 0.84
(and ACV companion)
Charge-Depleting 0.71 8.79 253.00 0.19
Parallel
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When compared to the continuous mode control strategy, the emissionsin the
thermostat mode aredramaticallylower for NOx, and the fuel economy is higher (sed=igure
19). HC islower and CO is higher but these differences are not as significanthis result
illustrates the benefit of operating an engine at its ideal operating point so that emissions can
be reduced to their lowest levels. At thisideal operating point, engine fuel efficiency can be
maintained at near maximum levels. In the thermostat mode, the increased charge/discharge
losses in the energy storage system are more than off-set by the improved engine efficiency.

Mitsubishi

Fuel economy in this mode is somewhat better than for the continuous mode but still
not as good as with the thermostat mode. Emissions areoughly comparable tothe
continuous mode.

Parallel

Thekey benefit of theparallel mode is that the APU operates only at vehicle speeds
above the threshold; thus, operation of the engine at low speeds and low torque can be
avoided.

As can be seen inFigure 19, HC and COemissions are much higher than for any of the
series HEV modes. Fuel efficiency isthe highest, reflecting the fact that the inefficient low-
speed and idling ICE operating modes have been displaced by the electric motddOx is
lower than in the continuous mode but not as low as in the thermostat mode. Because thisis a
charge-depleting mode, fuel economy and emissions will be somewhat poorer when a
correction factor is added to compensate for the net reduction in SOC.

Charge-depl etingSeries

Due to its limited range, the charge-depleting HEV is modeled assuming that an ACV
would be used for the longer trips. It is assumed that the driver would not plan to operate the
vehicle in the “limp-home” mode and instead would use an ACV on days when the expected
travel distance was beyond the range of the charge-depleting HEV . The charge-depleting
HEV was modeled to have a battery-only range of 25 miles and atotal extended range with
the APU of 65 miles. This charge-depleting HEV with a companion ACV isthen compared
with a 25-mile battery-range continuous mode HEV to generate the scalar factors shown in
Figure 19. The comparison is done in the same manner as was done with the BOEV asis
outlined in this report.

As would be expected, emissions are comparable to the emissions in the continuous
mode control strategy. However, the vehicle would have a limited range, and the vehicle
would not be suitable for more high-power sustained travel, such as mountain driving.

Model Limitations

An important limitation of the model is that the enrichment of air-fuel mixture that
occurs during acceleration is not modeled. This enrichment appears to be a significant cause
for underestimation of “real-world” emissions by the standard FTP protocoRéf. 11, 12, 16-
18). Thismodel limitation would result in an underestimation of emissions in the parallel
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simulation. The Mitsubishi mode also undergoes a change in engine torque each time the
vehicle comes to a stop. However, it is likely that the increasing torque can be programmed in
such away that enrichment is not necessary. Given this assumption, the model results for the
Mitsubishi (and the other series HEV modes) are representative for comparison among
control strategies.

Conclusions

With the specified engine and catalytic convertefNOx can be reduced in a series HEV
to 1/10 ULEV (that is, to 0.02 g/mile) over an operating range of 10 kW to 20 k\(¢ee
Appendix B and especially Figure B8)Thisis equal to the new EZEV level proposed by the
California Air Resources Board (sed=igure 1). However, HC would be about .3-.4 g/kWh (.1
g/mi) over most of this range, dropping to about 0.05 g/mi only when power levels were near
20 kW.*? Fuel efficiency of the engine over this 10-20 kW range would be near maximum.

The ability to reach these low levels oNOx may be especially significant because of
the increasing emphasis that may be placed upoiNOx control in the future®

It also should be understood that other engines and other ECSs (emissions control
systems) could be modeled to assess their suitability for each of these control strategies. For
example, the continuous mode could result in the same low emissions as the thermostat mode
if the APU engine were down-sized so that the necessary powewas providedat the engine's
ideal operating point. Such avehicle could be suitable for applications such as metropolitan
taxis wherein the vehicles are not required to have sustained high-power capability (e.g., for
mountain grades). Such vehicles are in day-long stop-and-go urban and suburban traffic
where average power levels areelativelylow, opportunities for regenerative braking are high
and daily travel distances could be significant.

Note that Mitsubishi Motors has reported actual emissions with thetest vehicle (using
their engine and control stréegy and ECS) close to or at EZEV levelsfor all three target
pollutants (Ref. 10). NEVCOR, also, has achieved EZEV emissions levels for NOx with its
XA-100 prototype series HEV:* Once NOx has been reduced to EZEV levels, it is also
theoretically possible to add an oxidizing ECS to further lower HC and CO emissions.

VI1II.Policy Implications

Properly-designed HEV s can offer substantial social benefits in terms of reduced
emissions and improved fuel efficiency. By plugging into the electric utility, HEMg&e
BOEV s, can further reduce fuel use and emissions by displacing fuels witttility electricity.

In addition, HEV s offer the performance, range and “full-tank” feeling of security that drivers
now have in conventional vehicleswhile the relatively small, low-cost battery packs of an
HEV may make HEV s more affordable than their BOEV counterparts.

Hence, HEV s may broadersignificantlythe market beyond the markethat existsfor
BOEVs aone. Thislarger market would enable larger economies of scale, higher production
levels and lower per-vehicle costsor both HEV s and BOEV s The results could be a greater
market penetration with correspondingly greatebenefits (e.g., reduced emissions, reduced
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fuel use andincreased use of electricity than would be possible with BOEV s alone(See
Section I X for proposed studies regarding HEV costs.)

For these reasons, regulations, R & D initiatives and financial incentives should be
consistent with these benefitsin order that a*“level-playing field” be created for all alternative
vehicle-fuel systems.In so doing,regulators can assist the introduction of HEV's by
recognizing their social benefitsin vehicle regulations.

The focus of this section is the California zero-emissions vehicle (ZEV) mandate. This
section does not address the timingor quotasof the ZEV mandate but instead focuses on the
treatment of HEV s under the ZEV regulations.

The ARB staff has proposed to qualify HEVsfor ZEV credit under two methodRéf.
5). First, any vehicle whose full-cycle emissions (exhaust, evaporative, upstream) are equal to
or less than the South Coast Air Basin (SCAB) power plant emissions associated with a
BOEV will qualify asa ZEV. These vehicles are called equivalent zero-emission vehicles or
EZEVs. It islikely that HEV s with their APUs fine-tuned to minimize emissions will be
among the first vehicle types to meet this standard.

The second way in which HEV's can qualify for ZEV credit is with their ability to
electrify miles. Based on NPTS data and a vehicle’s “battery” range, an HEV isgiven a
fraction of ZEV credit corresponding to the percentage of miles it would electrify. The full-
cycle emissions from these HEV's when running their APUs must be equal to or less than the
ULEV standard®.

These proposed HEV regulations attempt to recognize the benefits of HEVBut they
still do not adequately account for the social benefits of HEV Vhile BOEV s receive full
ZEV credit regardless of their battery range and corresponding ability to electrify miles,
HEVswould receive only partial ZEV credit. Y et, for any given battery range, HEV s would
electrify on average, more milesthan aBOEV.

To resolve this inequity and taassess BOEV s and HEV s on a leveblaying-field, the
following principlesderive from the new EZEV category and shoul e considered as
guidelineswhen drafting regulations and interpreting the ZEV mandate

1) EZEVscould be considered the “baseline” ZEV with which all other technologies are
compared. If EZEV like ACVs) are not range-limited, they can be used on all trips,
regardless of trip length or total daily miles traveled. Thysn terms of emission
reductions, these EZEV s are equivalent tdelectrifying” 100% of the miles driven by
thedriver. (Note that, in theory, a vehicle could achieve emissions that are even
lower than those associated with SCAB power plants. Were such vehicles devel oped,
then a new, even more stringent emissions level could be created to reward these
vehicles.)

2) “Percentage of miles electrified” is useful in assessing all technologies under the ZEV
mandate. Thus, the amount of ZEV credit granted to BOEV's and HEVswould bein
proportion to the percentage of miles electrified.” 1deally, HEVs and BOEV s should
be given ZEV credit based on their ability to reduce emissions as compared to an
EZEV. However, granting ZEV credit based on miles electrified greatly simplifies the
comparison and is afairly accurate proxy for emissions reduced. This principle can
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serve as the baseline from which to apply ZEV credit multipliers for the early
introduction of advanced technology.
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Figure20 - ZEV Credits (ARB Proposals and Credits based on Miles Electrified)
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Figure 20displays the ZEV credits offered under the ARB proposed amendments for
HEVs, BOEVsand EZEVs. Note that BOEV's (and EZEV s) receive full credit regardless of
battery range. This makes sense for EZEV s whose full-cycle emissions when using their APU
are equal to or less than the electric power plant emissions for BOEV's. However, it would
appear reasonable to offer more credit to a 100-mile BOEV than a 50-mile BOEV.

Figure 20also displays the ZEV credits that would be offered based upon the two
principles discussed earlier. HEVs and BOEV s would be offered ZEV credit based on miles
electrified. Under these two principlesan EZEV would receive a ZEV credit of 1.0, aBOEV
with a battery range of 100-miles would receive aZEV credit of 0.71, and an HEV with a 15-
mile battery range would receive aZEV credit of 0.36.

In conclusion, properly-designed HEV s could offer the consumer in the near term an
affordable and appealing alternative to conventional vehicles while achieving the national
priorities of reduced fuel use and reduced emissiondNere HEV s to become competitive in
cost with ACVs and were their performance to compare with or exceed that of ACV's, then
HEV s could very well dominate the automotive market.

However, as a new technology, HEV s face formidable institutional barriers. Investment
islikely to languish as long as regulatory policies fail to reward the benefits of HEVsin an
equitable manner as compared with other technologies.

To paraphrase Eberhardt Rechtin, Assistant Laboratory Director of the Jet Propulsion
Laboratory, almost 30 years ago in his seminal article on system engineering, if we legislate
the wrong priorities, we will surely end up with the wrong outcome.

The establishment of ordered, quantitative objectivesis a difficult, but vital task.
Establishing the right objectives is so important that a significant fraction of the total
time needed to solve the problem must be spent on this stepl he wrong objectives

lead to the wrong system. [Emphasisin the original.] Ref. 21)
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IX. Further Study

The analysis presented in this paper broadly outlines the major benefits of HEVs and
the resulting policy implications. Further study in some key areasis critical to more
accurately identify the potential of HEV's. NEV COR has developed research plans in these
areas:

1) Market penetration Realistic market penetration rates for HEV s and other alternative
vehicle technologies should be modeled to better understand the total emission reductions
potential of each technology. Preliminary analyses show that limited-range BOEV s would
have niche market appeal(e.g., as second cars in 2-car householdspnd are thus more limited
in their marketabilitythan HEV s that appeal to the broad marketRef. 19). Further analysisis
also required to determine if BOEV s will replace or just complement conventional vehicles.
Thisissueis particularly critical in understanding the impact of BOEV s on evaporative
emissions from their companion ACVs.

2) Regional analysis Regional driving behavior and utility power plant emissions
associated with electric vehicles directly impact the relative emission benefits of various
technologies in each region. Southern California has one of the cleanest utility systemsin the
U.S. and thus their “EZEV” standard is likely to be much cleaner tham&ZEV standard in a
region with predominately “coal-fired” power plants. Trip statisti@so could vary
significantly by region which may alter the “miles-electrified” calculation for ZEV credit.

3) Other vehicle types HEV technology is readily applicable to other vehicle types,
such as sport utility vehicles, pick-up trucks, heavy-duty trucks, buses etc. The relative
benefits of HEV s (versus other technologies) may be even larger for these vehicle types than
the benefits identified in this paper for personal automobiles.

4) Full-cycle emissions Once vehicle exhaust emissions are reduced to ULEV and sub-
ULEV levels, evaporative, upstream and distribution emissions become much more
significant. In fact, in some studies the non-exhaust emissions dominate the exhaust
emissions(Ref. 20). Thus, it becomes critical to fully understand the relationship between
vehicle usage andtotal emissions to best assess how to reduce emissionsSee also the issue
of NOx versus VOC control discussed next.

5) NOx vs. VOC" control: Recent research indicates that regional ozone reductions
may be possible only withNOx control because anthropogenic inventories of VOCs
(including HC from autos)have been significantly underestimated and background biogenic
VOC inventories are so large!” In the presence of anthropogenidNOX..., these background
biogenic VOCs can contribute to summertime ozone concentrations exceeding the NAAQS
concentration of 120ppb [even ifall anthropogenic VOC emissions were eliminated].”(Ref.
15). Analysisis needed to determine the potential of new vehicle technologies (BOEV's,
HEVs, LEVs, ULEVs...) to achieve dramatic reductions iNOXx.

6) Electric utility impactsHEV's and BOEV s are a welcome nighttime utility load,
utilizing existing 110v (or 220v) circuits, tapping idle generating capacity and improving
utility efficiency. However, if HEV's are designed to use the APU all the time and if they are
not equipped with the ability to plug in and recharge, these benefits to both consumers and
utilities would be lost. For these reasons, the utilities have a great deal to gain, or lose,
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regarding the direction HEV designs take. The potential impacts of HEV's on the utilities
needs to be explored, and the proper course of action for the utilities needs to be developed.

7) Petroleum industry impacts At first glance, HEV s would appear to result in a net
loss of sales for the petroleum industry. By displacing fuel with electricity, the petroleum
industry would see a gradual decline in gasoline sales. Y et, the petroleum industry also has a
goal of afavorable public image, as evidenced by the numerous television ads depicting oil
company concerns for clean air. Were the oil companies to lose that portion of the
transportation market representing the shortest trips, the resulting emission reduction might
far outweigh the loss of market share. A 1% reduction in fuel use (from the shortest trips)
could result in a 10% reduction of emissions. Further emission reductions could occur when
fuels were used in HEV s with APUs operating at EZEV levels rather than ACV's operating at
ULEV levels (or worse). Perhaps, in some creative way, some sort of credit could be given
to the oil industry for assisting in the introduction of HEV s and helping to achieve the
environmental objective of reduced emissions.

8) HEV cost The capital and operating costs of HEV s with inexpensive battery packs
need to be compared withsimilar costs foradvanced conventional vehicles. Conceptually,
HEV sbuilt on a conventional platformwith a small light-weight battery pack and small APU
could be cost competitive with conventional vehicles when both are in mass production.
Further analysis of “mass-production” costs is necessary to better understand any cost
differential that might persist between ACVsand HEVs.
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Footnotes

Average reduction inNOx and VOC from 1965 typical pre-control car to 1993 standardsas measured by
official federal test procedures See Reference 2

South Coast (Los Angeles), Sacramento Metropolitan Area (encompassing five local air control districts), San
Diego, San Joaquin Valley, the Southeast Desert, and Ventura. SeReference 3

Thisreport focuses on the emissions benefits and regulatory treatmérof BOEV s and HEV s.1t does not
address the timing and numerical quotas.

The EZEV isavehicle standard proposed by the ARB that certifies the vehicle to emissions levels that are
considered equivalent to the associated “in basin” utility emissionsin charging an electric vehiclein
California s South Coast Air BasiSCAB).

The Nationwide Personal Transportation Survey is conducted by the Department of Transportation. In 1990,
over 48,000 people were surveyed with questions concerning their daily transportation activitieSee
Reference 6

There is wide-spread agreement that BOEV s must have at least a 100-mile battery range to appeal to more
than just a niche market (see Ref. 7). HEV's, because of their unlimited range capability, could appeal more
broadly and could have much shorter battery ranges that were tailored to the typical daily travel of the
owner. For this reason, the results of this study are presented as a function of battery ranges from 0-155
miles to permit a broad comparison of emissions and energy use for different battery-only ranges.

PNGV emission goals are stated as National Tier Il vehicle emission levels with no recognition or
regquirement of battery-only range(HC .125 g/mi., NOx .2 g/mi., CO 1.7 g/mi.)

Note that in other regions of the U.S,, such as the East and Midwest, where utility power plants are not as
clean as those in Southern California, an EZEV would actually result in lower emissions than aBOEV. This
point is addressed again in Section IX - Further Study.

® For this analysis, it was assumed that the BOEV and HEV energy efficiency were the same (352 Wh/mi).

19 The Mitsubishi operating mode modeled in this study is a simplified simulation based updReference 10, it

. is not meant to be an exact replication of the Mitsubishi program.

[bid.

2 HC (and CO) could be further reduced, in theory, with the introduction of an additional oxidizing emissions

control system.

13 See section I1X. See alsoReference 15

4 These test vehicles need further work to demonstrate their performance as marketable vehicles.

> While HEV APUs must meet ULEV levels for full-cycle emissions (exhaust, evaporative and upstream

emissions), ACV s are not subjected to the full-cycle requirement. To meet ULEV standards, ACV s need
only achieve ULEV levels at the exhaust. Thisis one of several inconsistencies that are part of the current
regulations. For example, by one ARB estimateRef. 20) upstream NMOG emissions alone exceed the
0.04g/mi ULEV standard. In other words, an HEV with zero exhaust emissions and zero evaporative
emissions still would fail to achieve any ZEV credit. However, BOEVswould receive full ZEV credit, even
though their drivers would still need a conventional vehicle (with its evaporative and upstream emissions)
for long trips.

1 v OC: Volatile Organic Compounds, sometimes referred to as ROG (Reactive Organic Gases).
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Appendix A: Glossary

ACV Advanced Conventional Vehicle powered by an ICE
APU Auxiliary Power Unit (e.g. an engine-alternator)
ARB Air Resources Board of California

BOEV  Battery-only Electric Vehicle

CAFE Corporate Average Fuel Economy

CO Carbon Manoxide

CO2 Carbon Dioxide

ECS Emission Control System

EV Electric Vehicle

EZEV Equivalent zero-emissions vehicle (new emissions category proposed by the ARB
with 1/10 the emissions of ULEVS)

o/kWh  Gram per kilowatt hour

HC Hydrocarbons

HEV Hybrid-Electric Vehicle

ICE Internal Combustion Engine

mi/gal Miles per Gallon (measure of vehicle fuel use)
mi/h Miles per Hour (measure of vehicle speed)
Nm Newton-meter (measure of torque)

NMOG Non-methane Organic Gases
NOXx Nitrogen Oxides

PNGV  Partnership for New Generation V ehicles (Joint venture between the U.S.
Government and General Motors, Ford and Chrysler.)

rad/s Radians per second (measure of engine speed)
ROG Reactive Organic Gases

tonne metric ton (1000 kilograms)

SOC State-of-Charge

ULEV Ultra-Low Emission Vehicle (ARBs most stringent ACV emission standard now
on the books)

VOC Volatile Organic Compounds;sometimes calledReactive Organic Gases (ROGS)
ZEV Zero-Emissions Vehicle
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Appendix B: Methodology

1. Exhaust Emissions Simulations

NEVCOR’sinitial automotive exhaust emission analysis (seBef. 9 and FigureB1)
was undertaken with the simplifying assumption that vehicles emit at a constant, unchanging
ULEV level for al miles traveled. However, in actual operation, motor vehicles have much
higher emissions at cold start-up than during hot running operatio(see Figure 3). Therefore,
to more accurately assess the emissions impact of various vehicle technologies, the effect of
frequent starts and high start-up emissions must be simulated. To do so, the NEVCOR
conducted the following analysis

A) Model ULEV Emissions

Thefirst step isto model the emissions rates of a“series’ hybrid-electric vehicle that
meets ULEV standards. The vehicle control strategy assumes that the electric drive motor
provides 100% of the torque required to drive the vehicle. The engine/alternator (auxiliary
power unit (APU)) is assumed to operate at a steady speed and load, maintaining the battery
state-of-charge (SOC), on average, at a constant level. The APU operates so that battery SOC
at the end of the test is equal to the SOC at the beginning of the test.

A series of simulations, usingan early version of ADVISORthe MATLAB/Simulink
hybrid vehicle simulator developed by the National Renewable Energy Laboratories, was run
to develop amodel of an HEV that would certify to ULEV levels on a standard FTP FUDS
test. A Geo Metroengine simulation was used as the basis for thé\PU model. This
simulation calcul ates tailpipe emissions according to the following equation:

Emissions (g/s) = C* (Rng) * (hotgkWh) * (f(TEC)) * (1 - Cateff) (1)
where:
C = constant
Peng = engine power
hotgkWh = g/kWh of engine-out pollutants (HC, CO, or NOx) under steady-state
running conditions
f(TEC) = amultiplier linked to the temperature of the engine coolant
Cateff = catalytic converter efficiency as afunction of catalyst temperature

Using the first three terms, Equation (1) calculates a baseline emission level (for a hot
engine running at steady-state) that is proportional to engine power. The emissions are then
increased with the parameter f(TEC) for engines of varying temperature between ambient (20
_C) and full-temperature (TEC=95 _C). The resulting emissions are then reduced by the
efficiency of the catalyst, Cateff. Equation (1) is solved second-by-second to yield emissions
levels from low-power cold-start to high-power at hot running temperature. These rates are
then integrated over afull FTP cycle and weighted according to FTP standard weightings for
Bags 1, 2, and 3.

The GEO Metro APUemissions werescaled in the following manner. First, the TEC
and catalytic converter efficiency parametarwere left unchanged. The the model was run
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with output power (Reng) at 6.6 kW, the average power required of the engine for this

vehicle on an FTP test. At this 6.6 kW power level, the GEO Metro APU model produced .23
g/mi HC, 1.97 g/mi CO, and .31 g/mi NOx during the FUDS simulation. Then, the parameter
“hotgkWh” was scaled to force these tail pipe emissions down to ULEV levels for each
pollutant (seeTableB1 below). Because this parameter has a linear effect upon tailpipe
emissions, the “hotgkWh” values were easily computed as fractions of the original NREL
values. For example, the proper input value for “hotgkWh” of HC is:

hotgkWhy L Ev = (.04/.23) * hotgk WINREL 2)

These changes resulted in a simulated HEV that 1) was SOC corrected (i.e. the SOC at
the end of the FTP was equal to the SOC of the beginning of the FTP) and 2) met ULEV
standards for all three primary pollutants.

TableB1: ULEV Standards
HC CO NOXx
0.04 g/mi 1.7 g/mi 0.2 g/mi

B) Model Engine Cool-Down Effect

The second step was to determine the effect of cool-down times on engine start-up
emissions. A second series of simulations was run using the ULEV vehicle from Step 1 to
examine the impact of various length “cold soaks’” on engine start-up emissionBigure B2
shows the variation of start-up emissions for 13 different cool-down times. For all curves, the
engine start occurs at t=0. The curve marked 1 indicates engine start-up after a 1-hour cool-
down time, the curve marked 2 indicates engine start-up after a 2-hour cool-down time, and
so on. The “Ambient” curve indicates emissions levels for a vehicle that starts while at
ambient temperature (20 C). As expected, an engine which has had little time to cool off
produces |l ess start-up emissions than one that has cooled down for several hours.

C) Determine Distribution of Engine Cool-Downs

The third step was to examine the NPTS data to understand the distribution of engine
starts as a function of cool-down time. This distribution is shown iRigure4.

To simplify calculations, it was determined that the trip data would be aggregated into 3
groups: hot, warm, and cold startsDefinitions for the three groups are as follows:

a) Hot Starts: Trips which began within 20 minutes of the previous engine shutdown.

b) Warm Starts: Trips which began after the engine had been shut down between 21
and 630 minutes.

c¢) Cold Starts: All first trips of the day and trips which began after the engine had
been shut down for at least 631 minutes.

At first glance, the distribution for warm starts seems quite broad. It seems unrealistic
that the engine would still be warm after cooling down for 630 minutes (10.5 hours). The
basis for this distribution is the ADVISOR engine cool-down model shown ifiigure B2
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This model shows that even at 12 hours cool-down time, the engine still retains some heat
and emissions are significantly lower than emissions at ambient temperature.

To maintain the integrity of the model and without an alternative engine cool-down
model to turn to, this ADVISOR engine cool-down model was used to determine how to
divide engine starts into Hot, Warm and Cold starts. The authors recognize that the
ADVISOR engine cool-down function may be flawed at the longer time intervals.
Sensitivities were done to assess the impact of potentially more realistic cool-down functions
at the longer time intervals. The effect of such sensitivities was not significant on the overall
results of the model.

D) Model Engine Start-up Exhaust Emissions

For each group of starts, atable was created of emission rates as a function of mileage
from engine start (seeFigure B3). These data are simply a tabulated form of the data
represented inFigure B2. (Note: an average-speed FUDS cycle was used to convert grams
per second to grams per mile.) The first three miles are broken into 12 quarter-mile segments,
with assigned amounts of emissions in grams. These miles contain more than 99% of start-up
emissionsand approximately 95% of all the HC and CO emissions (50% of NOx emissions)
for the average 8.7 mile trip After this point, the engine has reached operating temperature,
and all additional miles of the trip generate emissions at the rate shown in the last column
(grams per mile).

Hot start emissions were modeled based on a 10-minute engine cool-down period (the
median of its distribution). Similarly, warm-start emissions were modeled based on a 180
minute cool-down period. Cold-start emissions were modeled based on an “ambient” start”
(20C).

E) Model System Vehicle Exhaust Emissions

Finally, each trip in the NPTS data is analyzed to determini¢és emissions. The
following analysisis run for the baseline HEV and BOEV vehicles of various battery-only
ranges. For each particular vehicle identified in the database, all itstrips are analyzed in
chronological order in the following manner:

a) Determine if the vehicle battery-only range has been exceeded, taking into account
all previous trips for that day.

b) Calculate the amount of vehicle miles driven on this trip with the APU operating.

c) If the APU isturned on, determine the type of engine start (hot, warm or cold)
based on the engine cool-down time since the previous engine start.

d) Based on the above two factors, calculate themissionsfor the tripusing the
“look-up” table inEigure B3

The model isrun for various HEV and BOEV battery-only ranges to provide the vehicle
emission results shown inFigures 12-14

NEVCOR, Inc. Page 34



2. Comparethe Continuous HEV to Other Control Strategies.

The continuous mode HEV design has been used as a baseline to assess the benefits of
HEV s broadly. The following five designs were assessed:

1) Charge-sustaining continuous series HEV (baseline)
2) Charge-sustainingMitsubishi series HEV
3) Charge-sustaining thermostat series HEV
4) Charge-depleting series HEV
5) Charge-depletingparallel HEV
Figures B4-B6 outline the key aspects of each of the HEV control strategies

The HEV computer simulation modelADVISOR, developed by NREL, was used to
compare control strategies. The same vehicle, APU, battery pack and electric motor were
modeled for all strategies. The basic vehicle is 150@g with a 300kg lead-acid battery pack
and an APU using a GEO Metro engine. An electrically-heated catalyst was modeled for all
control strategies to reduce cold-start emissions.

The fuel-efficiency map of the GEO Metro engine is shown iRigure B7. The most
fuel-efficient operating pointoccurs in the region centered around the point with coordinates
350 rad/sengine speedand 55 Nm engine torque

The maps of the tail-pipe emissions are shown for NOx, HC, and CO d&gures B8, B9
and B10. These maps were generated by combining the hot engine-out emissions with the hot
3-way catalytic converter efficiency mapssee FiguresB11, B12, B13, B14, B15, B1H
L owest emissions occur in the regions with the lightest shading; highest emissions occur in
the darkest regions.

The control strategies were compared based on the FTP driving cycle. Eaatharge-
sustaining strategy was set such that the battery state-of-charge at the end of the driving cycle
was the same as at the beginning. Thus, each strategy was compared based on its use of
energy from the APU. The charge-depletingeriesvehicle was allowed to lower itsSOC
since it is a mission-limited vehicle and is therefore paired with an ACV.

The basic input variables for al the simulations are shown iRigure B17and they are
the same for each control strategy. The engineperating points forspeed and torque for each
series HEV control strategy were selected to minimize the emissions of NOx, HC and CO,
that is, to reach ULEV levels or below for all three pollutants. The operating points chosen
are shown inTable B2 The continuous mode emissions were then used as a baseline and all
the other modes were scaled as a function of the continuous mode levels
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Table B2 - Engine Operating and Control Parameters

Variables Continuous Mitsubishi Thermostat Charge Depleting | Parallel
APU sp (rad/s) 231.69 243.69 292.5 146.25 NA
APU trq (Nm) 32 39 67.47 33.73 NA
APU sp scale 1 1 1 0.5 0.7
APU trqg scale 1 1 1 0.5 0.7

SOC hi 0.8 0.8 0.634 0.8 0.8

Since the charge sustaining HEV s have the same mission capabilities, there is not a
need to compare them at adriver level asis the case with a comparison to BOEV's. However,
the seriescharge-depleting HEV was modeled with an ACV pair due to its limited range.

The results of the simulation analysis are outlined ifi able B3 and discussed below.

Table B3 - HEV Simulations - Emissions and Fuel Use Results

Fuel HC CcoO NOXx
Use Emissions Emissions Emissions
Continuous 1.00 1.00 1.00 1.00
(Baseline)
Mitsubishi 0.91 1.50 2.26 0.94
(APU Energy)
Thermostat 0.86 0.75 2.13 0.08
(APU Energy)
Charge Depleting NA 0.80 1.19 0.84
(APU/utility energy)
Charge-Depleting 0.71 8.79 253.00 0.19
Parallel
(APU Energy)

Continuous

The average power required during the FTP cycle for the test vehicleis 7.414 kW.
Thus, an APU operating at 7.414 kW continuously during the entire FTP test would enable
the starting and ending battery SOC to be the same, and the APU will have provided 100% of
the energy for the test. The batterys used for load leveling andl) recaptures braking energy,

2) absorbs any surplus power from the APU, and 3) providepeak power for acceleration.

The engine operating point for thecontinuousmodel is 32 Nm and 231.96 rad/s. This
point provides the necessary 7.414 kW and was chosen to be the optimum point in the engine
map for the control of NOx, HC and CO. The curve of possible torque/speed points that
would yield this power level is shown orFigures B8-B10. Note fromFigure B7 that torque
levels below about 30 Nm should be avoided because fuel economy would fall too low. Note
from Figures B8 and B9that for this desired power level of 7.414 kW it is not possible to
select an operating point that yields lowest NOx and lowest HC at the same time. As we shall
see in the next section, there is such an operating point for the Thermostat M ode.
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Thermostat

The operating point for the Thermostat M ode was chosen to be the optimum point in
the engine map for the control of NOx, HC and CO. The point, at 67.47 Nm and 292.5 rad/s,
resultsin 19.735 kW and corresponds to a point close to the most fuel-efficient operating
region of the engine.

The APU is operated at this power level for 696 seconds and then shut down for the
remainder of the test. This duration results in a battery SOC at the end of the test equal to the
SOC at the beginning of the test.

When compared to the Continuous Mode control strategy, the emissionsin the
Thermostat Mode are lower for HC and NOx, and the fuel economy is higher (sd@&ble B3).
Thisresult illustrates the benefit of operating an engine at its ideal operating point so that
emissions can be reduced to their lowest levels. At thisideal operating point, engine fuel
efficiency can be maintained at near maximum levels. In the Thermostat Mode, the increased
charge/discharge losses in the energy storage system are more than off-set by the improved
engine efficiency.

Mitsubishi

The APU operates at a steady speed and load, but the APU is shut down each time the
vehicle slows to a stop. The APU isrestarted each time the vehicle resumes speed. The power
level of 9.504 kW was chosen so that the battery SOC at the end of the test was equal to the
SOC at the beginning.

The operating point of 243.69 rad/s and 39 Nm was chosen as he optimum point in the
engine map for the control of NOx, HC and CO that also would provide the specified 9.504
kW of power. The curve of possible torque/speed points that would yield this power level is
shown on Figures B7-B10

Fuel economy in this mode is somewhat better than for the Continuous Mode but still
not as good as with the Thermostat Mode. HC and CO emissions asmewhat higher and
NOx somewhat lower thanin the Continuous M ode.

Parallel

Thekey benefit of theparallel mode is that the APU operates only at vehicle speeds
above the threshold; thus, operation of the engine at low speeds and low torque can be
avoided.

As can be seen inTable B3 HC and COemissions are not as low as for any of the
series HEV modes. Fuel efficiency, however, is maximum, reflecting the fact that the
inefficient low-speed and idling |CE operating modes have been displaced by the electric
motor. Because this is a charge-depleting mode, fuel economy will be somewhat poorer when
a correction factor is added to compensate for the net reduction in SOC.
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Charge-depletingSeries M ode

Due to its limited range, the charge-depleting HEV is modeled assuming that an ACV
would be used for the longer trips. It is assumed that the driver would not plan to operate the
vehicle in the “limp-home” mode and instead would use an ACV on days when the expected
travel distance was beyond the range of the Charge-depleting HEV. The Charge-depleting
HEV was modeled to have a battery-only range of 25 miles and atotal extended range with
the APU of 65 miles. This charge-depleting HEV with a companion ACV isthen compared
with a 25-mile battery-range Continuous Mode HEV to generate the scalar factors shown in
Table B3 The comparison is done in the same manner as was done with the BOEV asis
outlined in this report.

Aswould be expected, emissions are comparable to the emissions in the Continuous
Mode control strategy. Were the engine to be down-sized to provide its low (4 kW) power at
the ideal operating point in an engine map, it islikely that very low emissions could be
obtained (similar to the Thermostat M ode). However, the vehicle would have a limited range,
and the vehicle would not be suitable for more high-power sustained travel, such as mountain
driving.

' The Mitsubishi operating mode modeled in this study is a simplified simuian based upon Refrence 9; it is
not meant to be an exact replication of the Mitsubishi program.
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FigureB1- Original NEVCOR Vehicle EmissionsAnlaysis

EXHAUST EMISSIONS*

ELECTRICITY USE*

GASOLINE USE*

(metric tons) (gwh) (millions of gallons)
Annual Cum. % of | Annual Cum. % of | Pair: Pair: Pair:

Daily Drivers Total Miles Total Batt.-Only Hybrid Advanced 1993 |Batt.-Only Hybrid [Batt.-Only  Hybrid Advanced 1993
Mileage |(millions) Drivers (millions) Miles EV/ICV EV ICV ICV EV/ICV EV EV/ICV EV ICV ICV
0O — 5 5,502 16.1% 13,615 1.2% 0 0 545 5,582 2,042 2,042 0 0 272 504
5 — 15 8,685 41.6% 81,973 8.8% 0 0 3,279 33,609 12,296 12,296 0 0 1,639 3,036
15 — 25 5,891 58.9% 115,642 19.4% 0 0 4,626 47,413 17,346 17,346 0 0 2,313 4,283
25 — 35 3,940 70.5% 116,245 30.0% 0 0 4,650 47,660 17,437 17,437 0 0 2,325 4,305
35 — 45 2,737 78.5% 107,557 39.9% 0 0 4,302 44,098 16,134 16,134 0 0 2,151 3,984
45 — 55 1,805 83.8% 88,900 48.0% 0 0 3,556 36,449 13,335 13,335 0 0 1,778 3,293
55 — 65 1,467 88.1% 87,175 56.0% 0 0 3,487 35,742 13,076 13,076 0 0 1,744 3,229
65 — 75 908 90.7% 63,217 61.8% 0 169 2,529 25,919 9,483 8,849 0 84 1,264 2,341
75 — 85 675 92.7% 53,553 66.7% 0 387 2,142 21,957 8,033 6,582 0 194 1,071 1,983
85 — 95 591 94.5% 52,951 71.6% 0 580 2,118 21,710 7,943 5,766 0 290 1,059 1,961
95 —105 453 95.8% 45,132 75.7% 1,805 627 1,805 18,504 0 4,417 903 314 903 1,672
105 —115 233 96.5% 25,543 78.1% 1,022 415 1,022 10,473 0 2,274 511 208 511 946
115 —125 209 97.1% 24,950 80.3% 998 455 998 10,230 0 2,037 499 227 499 924
125 —135 138 97.5% 17,804 82.0% 712 353 712 7,299 0 1,346 356 177 356 659
135 —145 92 97.8% 12,856 83.2% 514 274 514 5,271 0 900 257 137 257 476
145 —155 131 98.1% 19,676 85.0% 787 445 787 8,067 0 1,281 394 223 394 729
> 155 633 100.0% 164,064 100.0% 6,563 4,918 6,563 67,266 0 6,168 3,281 2,459 3,281 6,076
Totals 34,090 100.0% 1,090,853 100.0% 12,401 8,625 43,634 447,250 | 117,124 131,285 6,201 4,312 21,817 40,402

*ASSUMPTIONS FOR THE ABOVE

Average NMOG Emissions (grams/mile) 0.04 0.04 0.04 0.41

Maximum usable range battery power alone (mi) 95 65 0 0 95 65

Kilowatt hours per mile (average driving conditions) 0.15 0.15

Miles per Gallon when Using Gasoline 50 50 50 27
Overall Miles per Gallon 176 253 50 27
Annual Gasoline Cost (billions of 1993 dollars) @ $1.30/gal $8.1 $5.6 $28.4  $52.5
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Figure B2 - Vehicle HC Emissions Based on Engine Cool Down Time

Grams/
second

0.01

0.009

0.008

0.007

0.006

0.005

0.004

0.003

0.002

HC Emissions AsaFunction of Time

100 150 200

250

300

NEVCOR, Inc.

Page 40



Figure B3 - Look-up Tableof Vehicle Emissions

ULEV Vehicle
HOT 1 mile 2 miles 3 miles |Continous
HC 0.0006( 0.0005¢ 0.0005¢ 0.0005¢ 0.0005¢ 0.0005¢ 0.0005¢ 0.0005¢ 0.0005¢ 0.0005¢ 0.0005¢ 0.0005( 0.0021(
CO 0.0206(¢ 0.01980 0.0198¢ 0.0198(¢ 0.0198¢ 0.0198¢ 0.0198¢0 0.0198(}p 0.0198¢ 0.0198¢ 0.0198(¢ 0.0198( 0.0807(
NOx 0.0323¢ 0.0322¢ 0.0322¢ 0.0322¢ 0.0322¢ 0.0322¢ 0.0322¢ 0.0322¢ 0.0322¢ 0.0322¢ 0.0322¢ 0.0322( 0.1315(
WARM 1 mile 2 miles 3 miles |Continuous
HC 0.03490 0.01390 0.00710 0.0037¢ 0.00160 0.0005(0 0.00050 0.0005¢ 0.00050 0.00050 0.0005(¢ 0.0005(¢ 0.0021(
CO 1.08900 0.25410 0.13430 0.0764¢ 0.03950 0.02020 0.01980 0.0198(0 0.01980 0.01980 0.01980 0.0198( 0.0807(
NOx 0.24900 0.06000 0.03870 0.0372¢ 0.03400 0.03230 0.0322(0 0.03220 0.03220 0.03220 0.0322(¢ 0.0322( 0.1315(
COLD 1 mile 2 miles 3 miles |Continuous
HC 0.3485(0 0.2144(0 0.06060 0.0222¢ 0.00910 0.00370 0.00100 0.0006¢ 0.00060 0.00050 0.0005¢ 0.0005( 0.0021(
CO 16.63770 9.40470 1.38600 0.4569(¢ 0.19280 0.0855(0 0.03340 0.0240¢ 0.02230 0.02130 0.02070 0.0203( 0.0808(
NOx 0.7055(0 0.4580(0 0.0898(0 0.0436(¢ 0.03830 0.0353(0 0.03270 0.0322¢ 0.03220 0.03220 0.0322(¢ 0.0322( 0.1315(
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Figure B4 - Continuous and Mitsubishi HEV Simulation - Control Strategies
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Figure B5 - Thermostat and Charge Depleting HEV Simulation - Control Strategies
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Figure B6 - Parallel HEV Simulation - Control Strategy
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Figure B7 - GEO Metro Engine - Fuel Efficiency
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Figure B8 - GEO Metro Engine - Hot Running Tailpipe Nox Emissions

Maximum
NOx
74.6 £ .
Emissions
\ (g/kWh)

67.8
@0.40-0.50
61.0 /\ £90.30-0.40
00.20-0.30
00.10-0.20
54.2
k\/{ [00.00-0.10
47.4
Torque \\
(NM) 40,6 .\_‘
Kw\] Continuous
33.8 (7.414kW)
-
7 5 ] Mitsubishi
)\/ | M| (9.504 kw)
20.4 ) © ‘
/ R ] Thermostat
136 || (19.[?:] kW)
6.8

104.5 149.2 220.9 292.5 364.1 435.7 507.4 552.2 596.9

Speed (rad/s)

NEVCOR, Inc. Page 46



Figure B9 - GEO Metro Engine - Hot Running Tailpipe HC Emissions
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Figure B10 - GEO Metro Engine - Hot Running Tailpipe CO Emissions
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Figure B11 - GEO Metro Engine - Hot Running Engine-Out NOx Emissions
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Figure B12 - GEO Metro Engine - Hot Running Engine-Out HC Emissions
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Figure B13 - GEO Metro Engine - Hot Running Engine-Out CO Emissions

Maximum
81.4 " Torque
0
CcoO
74.6 .
Emissions
/KWh
67.8 (© )
@m60-70
61.0 \ b 50-60

\ bO40-50
542 \ ' O30-40
' \ \ / |/ [0J20-30
T 47.4 / //
orque
() \ \Q/ / l
. / Continuous

338 N— / (7.414KW)

' —] — B
/‘

_ ™\ Mitsubishi

1Y / (9.504 KW)

20.4 \ —A—

Thermostat

136 (19.; KW)

6.8

104.5 149.2 220.9 2925 364.1 435.7 507.4 552.2 596.9

Speed (rad/s)

NEVCOR, Inc. Page 51



Figure B14 - GEO Metro Engine - Catalytic Converter Efficiency - NOx
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Figure B15 - GEO Metro Engine - Catalytic Converter Efficiency - HC
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Figure B16 - GEO Metro Engine - Catalytic Converter Efficiency - CO
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Figure B17 - Basic Assumptionsfor HEV Simulation Runsin ADVISOR

TRANSMISSION

mb5spd_t

eta_tconverter=1;  torque converter efficiency
tx_shiftdelay=0;

APU

geoll_a fuel and emissions maps

APU_trgscale=1, modify the maximum torque and the torque pointsi the maps
APU_spdscale=1;  modify the maximum speed and the speed points in the maps

fuel_mden=737; g/L, mass density of fuel

GENERATOR

sr180p g efficiency map

gen_trgscale=1; modify the maximum torque and the torque points in the map

gen_spdscale=1; modify the maximum speed and the speed points in the map

EMISSIONS CALCS

catl temperature dependence of catalyst
Tcatmax=650; deg. C, maximum catalyst temperature
Tcatinit=650; deg. C, initial catalyst temperature
TECss=95; % deg. C, maximum engine cotant temperature
TECinit=20; % deg. C, initial engine coolant temperature
Tamb=20; % deg. C, ambient temperature

ROAD LOAD & MISCELLANY

fuds ¢ speed trace, and key on

gravity=9.81; m/sh2

CD=.25;

Area=2; m”2

Crr=0.0105;

Crr1=0; s/m

Crr2=0; (m)n2

mass=1500; kg

mipart=50; kg, mass equivalent of inertia of rotating parts
rradius=11/12/3.281; m, rolling radius of tire

rf=.5; regenerative braking fraction--fraction of braking done by motor
rho=1.2; kg/m"3

accsry _kW=0; accessory load

grade=0; road grade
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MOTOR
westng_m efficiency map, torque envelope

mot_trgscale=1; modify the maximum torque and the torque points in the map
mot_spdscale=1; modify the maximum speed and the speed points in the map

mot_inertia=0; motor inertia gain factor

ENERGY STORAGE

gnb_e Peukert data, Voc and Rint vs. SOC
ESS num=10; number of modules
con_V_min=0.1; minimum current

CONTROL STRATEGY

SOCinit=0.5; initial SOC
SOChi= varies; SOC at which APU isturned off
SOClo= varies; SOC at which APU isturned on

APU_oppnt_spd=varies, rad/s, single operating point for the APU
APU_oppnt_trg=varies;, Nm
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